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3.6~477.65 mg/kg、33.2~215.6 mg/kg、0.17~7.76 mg/kg 之间，局部地区 Cu 和 Cr




矿区土壤的 EPA 消解结果为：在所考察的 6 种重金属元素中，除 Cr 外，该
区域内其他 5 种重金属 Ni、Cu、Zn、Cd 和 Pb 含量均大大超出福建省土壤重金
属背景值和国家二级标准，这说明该区域土壤 Ni、Cu、Zn、Cd 和 Pb 的累积已
相当严重。而该区域中 Cr、Ni、Cu、Zn、Cd、Pb 的 TCLP 有效态含量分别为
0.208~3.301 mg/kg、1.060~17.691 mg/kg、2.603~1425.873 mg/kg、2.610~1236.12 
mg/kg、0.007~14.983 mg/kg、 0.378~77.403 mg/kg 之间，与之相呼应的国际标准
分别为：5 mg/kg、5 mg/kg、15 mg/kg、25 mg/kg、0.5 mg/kg、5 mg/kg。因此，
该矿区的金属提炼工艺附近土壤存在不同程度的 Ni、Cu、Zn、Cd 和 Pb 毒性浸
出，其中以 Cu 和 Zn 的毒性浸出 为严重，其次为 Pb、Cd 和 Ni，而几乎没有
受到 Cr 的浸出污染。 
粉煤灰改性修复实验结果如下：① 在投加量相同的情况下，对粉煤灰进行
改性能极大地提高其对各种重金属污染物的吸附量。在三种改性粉煤灰中，改性
粉煤灰 ZFAⅠ 对各重金属的吸附效果 好，改性粉煤灰 ZFAⅡ次之，改性粉煤





































In this paper, EPA-Acid Digestion and EPA-Toxicity Characteristic Leaching 
Procedure (TCLP) were used to assess the effect of heavy metal pollution in soils in 
Huli industrial estate in Xia’men City and near a copper mine in Shanghang，Longyan 
City, China. Base on the above results, In order to explore a cost-effective remediation 
technology for heavy metal polluted soils and search for a utilizing way for the 
resource recovery of fly ash. We use a solid waste—coal fly ash, usually generated 
from the coal-fire power plant, to remediate the heavy metal polluted soil. The main 
results of this paper are as follows: 
The results of USEPA digestion procedure of Huli industrial estate show that 
some soils were anthropogenically contaminated, and the available levels of Cu, Zn 
and Hg were 3.6~477.65 mg/kg, 33.2~215.6 mg/kg, 0.17~7.76 mg/kg, respectively. 
The amounts of the TCLP (toxic characteristics leaching procedure) leached fractions 
were in accordance with that extracted by EPA acid digestion. Potential leachability of 
some heavy metals, e.g. Cu, Zn, defined as the maximum pool that may become 
available for leaching at a constant pH 4 or 3 showed that strong acid precipitation 
could release heavy metals to a considerable extent. 
The EPA-Acid Digestion results of the polluted soils were as follows: except for 
Cr, the contents of the metal Ni, Cu, Zn, Cd and Pb go beyond the background value 
of Fujian Province and the national standard value. And the results of the TCLP test 
were that: the available levels of Cr, Ni, Cu, Zn, Cd and Pb were 0.208~3.301 mg/kg, 
1.060~17.691 mg/kg, 2.603~1425.873 mg/kg , 2.610~1236.12 mg/kg, 0.007~14.983 
mg/kg, 0.378~77.403 mg/kg, respectively, while the international standard were 5 
mg/kg, 5 mg/kg, 15 mg/kg, 25 mg/kg, 0.5 mg/kg, 5 mg/kg, respectively. The above 
results show that: soils around the mining sites were polluted with heavy metals Ni, 
Cu, Zn, Cd and Pb in different degree, especially polluted by Cu and Zn, followed by 















The zeolited fly ash remediation experiment results were as follows: ① In the same 
addition amount, the adsorption of heavy metal was effectively increased by the 
synthesized process. Of the three synthesized fly ash, the zeolized fly ash ZFAⅠhas 
the best adsorption of heavy metals, followes by the zeolized fly ash ZFAⅡ, and then 
by the zeolized fly ash ZFAⅢ: ② The removal rate of heavy metals increases 
sharply with the adding amount of fly ash, then when the fly ash/polluted soil (F/S) 
ratio comes to 1:10, almost all the heavy metals’ removal rate comes up to 95%, and 
then the adding amount of fly ash has little effect on the removal rate of heavy metals. 
③ The zeolited fly ash can be used as a clay liner to prevent the surrounding soils 
and ground water from being contaminated by heavy metals leakage.  
    Therefore, It is feasible and cost effective to use fly ash and zeolized fly ash to 
remediate heavy metal contaminated soils. Moreover, fly ash is easily got since it is a 
solid waste from coal-fire power station. 














第 1 章 文献综述 
 5
第 1 章 文献综述 
1 土壤重金属污染现状和危害 









































渐降低。目前，全世界平均每年排放Hg约1.5 万吨，Cu 340 万吨，Pb 500万吨，
Mn 1 500 万吨，Ni 100 万吨[8]。 
表 1-1 全球金属的产量和释放到土壤的比例(103 吨/年)[9] 
Table 1-1 Global production of metals and the rate of metals reaching the soil 
(103 ton/year) 
金属 1975 1980 1985 1990 释放到土壤（1980）
Cd 15.2 18.2 19.1 20.2 22 
Cu 6739.0 7204.0 7870.0 8814.0 954 
Pb 3432.2 3448.2 3431.2 3367.2 796 
Zn 3975.4 4030.3 4723.1 5570.9 1372 
表 1-2 世界各国土壤重金属的环境标准和 大允许含有量（mg/kg）[11] 
Table 1-2 The environmental standard and maximum allowed concentration of 
soil heavy metals in some conturies and areas of the world 
国家和地区 Cd Pb Cu Zn Hg 
德国 Germany 1.5 100 60 200 2 
英国 UK 1.75 550 55 200 1 
欧洲 Europe 1~3 50~300 50~140 150~300 1~1.5 
美国 USA 3.56 - 73 730 5.34 
加拿大 Canada 1.6 60 150 300 0.5 
前苏联 USSA 5 背景值+20 - - 2.1 








































































入铜的致死剂量为 10 g/kg 体重，一次服用铜剂量 60~100 mg/kg 体重可使人感到




水中锌浓度大于 1 mg/L 即可对水生物和农作物产生毒害作用。 
2  重金属污染评价技术 
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其中：i 为污染元素的种类，j 为功能区编号，Ci为某污染元素 i 的实测值，















其所用的提取剂依次为：MgCl2、NaAc、NH2OH·HCl、HNO3 + H2O2 + NH4OAc





































健康。         
TCLP 法 大的特点就是有与之相匹配的评价标准，且其操作过程简单、快
速，因此，美国环境保护局建议用 TCLP 法替代 EP 法作为检测重金属是否存在
毒性威胁的法定程序。 
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